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PEENOMENOIOGICALRE ATIONBETWEENmREss,
STRAINRATE,MO TEMPERATUREFORMETALS
AT ELEVATWTEMPERATURES
ByElbridgeZ.Stowell.
SUMMARY
A phenomenological.re ationbetweenstress,strainrate,andtemper-
atureis suggestedto accountforthebehaviorofpol.ycrystallinemetals
abovetheequicohesivetemperature.Thepropertiesofthemetal
includedintherelationexeelasticity,linearthermalexpansion,and
viscosity.Therelationmaybe integratedundervsriousconditionsto
provideinformation creeprates,creeprupture,stress-straincurves,
9 andrapid-heatingcurves.It is shownthatforonematerial.- 7075-T6
aluminum-alloysheet- theinformationyieldedby therelationforthese
fourapplicationsagreesreasonablyweu withtestdata.
l
INTRODUCTION
Thebehaviorofmetalsat elevatedtemperaturesi constantly
becominga moreinqortantproblem.Notonlymustinformationbe at
handconcerningcreepatthesetemperatures,butinformationmustalso
be availableconcerningwhenrupturemightbe expectedifthecreep
wereallowedto continue,whatthestress-straincurveislikelytobe
at someparticulartemperatureandstrainrate,andhowthematerial
willbehavewhenrapidlyheatedto a hightemperature.Itwouldbe a
usefulachievementif somefundmnental-lawcharacteristicofthematerial
couldbe found,suchthattheseandotherapparentlydistinctproblems
couldbe showntobe simplydifferentaspectsoftheapplicationf one
law.
In studiesof thecreepofmetals,ithasbecomeapparenthatthe
creepbehaviorat elevatedtemperaturesi differentfromthatat low
temperatures.Forrelativelypuremetals,thelineofdemarcationfor
temperatureoccursataboutone-halfthemeltingpointandmaybe tenta-
tivelyidentifiedwiththeequicohesivet mperature.Inthehigh-
temperaturegion,certainlawshavebeenfoundandexplicitlystated
(ref.1). Theselawsappearto givesomepromisethatthebehaviorof
metalsinthisregionmaybe predictedforeffectsotherthancreem.
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Creepis characterizedby an initialtransientorprimaryregion
whichisfollowedby a steadyor secondsryregioninwhichviscousflow
occurssmdfinallyby smacceleratingortertisryregionwhichleadsto
rupture.A theorybasedonrate-processconsiderationsisalready
availableandaccountsina qualitativemannerforthemaineffects
shownby thesteadycreepinthehigh-temperatureregion(ref.2). For
stablemetals,thistheoryrequiresa knowledgeofonlythreeconstants
to specifythecreepbehavior:oneconstantisroughlypredictablefrom
themeltingpoint,andtheothertwomustbe deteminedfromtests.
4
Inthisreport,a phenomenologicalre ationbetweenstress,strain
rate,andtemperatureissuggestedfor.thisregion,andthisrelation
utilizestheexistingrate-processtheoryforsteadycreep.Therelat-
ion isnotan equationof stateofthetypeproposedby Hollomon
(ref.3) butisanequationof “rateof changeof state.” Sincedif-
ferentintegralsofthisrelationexistunderdifferentconditions,
thereisno single“equationof state”inthiscase.Theseintegrals
areappliedto creep,creeprupture,stress-straincurves,andrapid-
heatingcurves,andcomparisonsofthesen~ericalresultsaremadewith
experimentalresultsfor‘7075-T6aluminum-alloysheet.
“
SYMBOLS
II
strain
time,hr
strainrate,perhr
strainrateusedinobtaining
stress,ksi
constant,ksi
limitingstress,ksi
Young’smodulus,ksi
linearexpansioncoefficient,
stress-strain
peroK
temperature,‘Kunlessotherwiseindicated
curves,perhr
‘Kperhrunlessotherwiserateoftemperaturechange,
indicated
.
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AT = iot
A3 activationenergy,calpermole
R gasconstant,takenas2 calpermoleper%
. B constant,perhrper%
P .kj%2sT
M=~~
2$ a.
Subscript:
r conditionsatrupture
STM!EMENTOFPEENOMENOLOGICALRE ATION
A metalundoubtedlyretainsa certainelasticityat elevatedtem-
peratures,eventhoughtheelasticrangeisreducedfromthatprevailing
at lowertemperatures.Theelasticityresidesinthecrystallinegrains
andisa measureoftheresistsmceofthecrystalatticeto distortion
by stress.Inadditionto theelasticity,a polycrystal.linemetalalso
possessesa quasi-viscosity
regiontheapplicationfa
strainrate. Also,thermal
aturechangewillcreatean
totalstrain.
nthehigh-temperat~er gion;inthis
constantstresswillresultina constant
expsmsion(orcontraction)dueto temper-
apparentstrainwhichcancontributeto the
Thesuggestedphencmenologicalre ationwhichincludesallthese
propertiesandwhichtakesintoaccountpossibletemperaturechanges
w be stated”asfollows:
(1)
Inthisrelationthefirsttermontherightsuppliesthecontribution
tothestrainratedueto el.asticit~j themiddleterm,thecontribution
dueto-possiblethermal~=sio~j andthefinalterm,thecontribution
—— ..- —
4dueto viscosity.“A
middletermhasbeen
Theformofthe
relation
proposed
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somewhatshilsrtothisbutwithouthe 4
forplastics.(Seeref.4.)
viscoustermistakenfromreference2 andisnow ,
wellestablished.Theexponentialtermdescribestheprincipaleffect
oftemperature.Thehyperbolicsinetermdescribestheeffectof stress.
JQ3xlzmann ()i reference2 gavethistermas sinhm ~ Where m is
—
a constant,butithasbeendemonstratedrepeatedlyby teststhatthe
argumentofthetermisindependentoftemperatureandisoftheform
~, where cro
a.
isa constant.Theremainderoftheexpression,which
consistsof a numberof individualconstantsmultipliedby thetemper-
ature T asgiveninreference2, isreplacedhereby 2sT;thefactor2
isretainedforconvenience.
ThequantitiesE and a arevalueswhichwe usuallylmown
asfunctionsofthetemperature.Thequantities, &/R, and a.
arefoundfrommeasuremmtsofthesteadycreepofthemetalunder
constantstressandtemperature.A rangeoftemperatureinthehigh-
temperaturegionandalsoa rangeof stressarerequiredto establish c
AH/R and ao,respectively.
—
l
APPLICATIONS
Withdifferentconditionsimposeduponthemetal,thesuggested
relationshouldgenerateinturnthelawsgoverningsuchphenomenaas
steadycreep,creeyrupture}stress-straincharacteristi.csjandbehavior —.
underrapid-heatingconditions.Theselaws.arederivedfromequation(l).
SteadyCreep
If stressa andtemperatureT areconstant,equation(1)
reducesto
m
-—
or
(2)
—
A3u_
‘~ eao
& = sTe (U>> ao) (2a)
b
5lWCAW kOOO
whichindicatessteadycreep.Equation(2a)mayalsobe writtenas
u—=&+ logeLlogesT
a~ (3)
inwhich logeST issubstantiallyconstantovera limitedtemperature
range.Stressplottedagainstloge& should,therefore,yieldstraight
lineswithslope U. whichsredisplacedfromoneanotherat different
temperaturesby mountsdependingmainlyonthevalueof ~. Stressis
N
sometimesplottedagainstheparameter~+lo&& (ref.5)to demon-
stratethatdatatskenatdifferenttemperatureswillfallona s~le
curve.
CreepRupture
At constantstressandtemperature,thestrainata time t after
theapplication
sincethecreep
f stressis
E=;-lj
is steadyundertheseconditions.
Reference6 disclosesas aneqerimentalfactthatif tr isthe
timetoruptureunderconditionsof creep,then
:tr- Constant= ~r
Thus,
%;=—tr
andequation(3)maybe rewrittenas
Sincethelastterm
plottedagainsthe
E
(3a)% .&J - logetr + loge*
a.
is substantiallyconstant,therupturestressUr
parsmeter~ - logetr shouldyielda single
6straightlinewith
thecorrelationf
lMCATNk300
sloj?ecro.Sucha psraneterhasbeenemployedin
creep-rupturetests
Stress-Strain
At constantemperature,quation
1 do;=-—+
E dt
Obviously,ifthestressis
2sTe
(ref. 7).
Curves
(1)becomes
AH
Esltix , (4)
CT. >.
,.
.
appliedveryrapidly,theeffect,ofthe
—
~ du.”th~,finalviscousterm~ be negligiblecompsredtiththe‘t~~ ~~~
thematerialmsyappeartobe elastic. # .
Ifanattemptismadetoholdthestrainrateconstant,as issome-
timesdonewithconventionaltestingmachines,by settingthestrain
rateequaltothetestingrate ?.,a differentialequationin
*
u results,
andthesolutionwhichisa familyoftheoreticalstress-straincurves
isgivenasfollows: “
where
.
.
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Replacementof tenhM by exponentialgives
a
— = loge(/=7 r2-1-P+l+flem+l+f!
‘o (~+~-B)e~+J=2-l+P
andsinceordinarily~ >> 1,the~ression forthestress-strain
curvesbecomes
a
— = loge (2fl+l)em - 1
‘o ea +2p-1
7’
(6)
At thelowerendofthecuxveswherethestrainissmall,M is small,
e2M
-l+ ZMjand
whichshowsthattheinitialportionofthecurvesiselastic.At the
upperendofthecurveswherethestrainsarelargejM islarge,and
fromequation(6),
%Rl
— . 10ge(2~ + 1) = loge‘B
=0
(7)
where Ulm isthelimitingstresswhichcanbe developedatthattem-
peratureandstrainrate.
As a corollary,notethatthefollowingequationresultswhenthe
valueof
whichiS
limiting
. rate ;O
2P issubstitutedintoeqution(7):
ofthesameformas equation(2a)forsteadycreep.Thus,the
stressah obtainableb arsthessmerelationtothetesting
thatanycreepstressu bearsto itscorrespondingcreep
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rate t. Thiscorrelationhasbeennotedexperimentallyby Sherbyand f.
Dorninreference5 wheretheultimatestrengthintensionisusedfor
‘lim”
—
l
Rapid-Heatingmes
Thematerialco~osingtheskinofa high-speedairplsmeormissile
msybe sub~ectedtorapidincreasesintemperatureasa resultof aero-
dynamicheatingduringflight.It is@ortant tolamwwhat to expect
fromthematerialundersuchconditions.
Inequation(l),let ~ = ~. inwhich k. isa constant.Then,
fora constantstressa >> Go,
inwhichallowanceshouldbe madeforthevariationof E and u with .
temperature.Equation(8)-be writtenintermsoffiniteincrements ‘-
asfollows:
(9)
where
AT = iot
Theinitialterm ~ givesthecontribute.ont thetotalstrainofthe
applicationf stress}thesecondtermgivesthecontributiondueto
thermalexpansion,andthelasttermgivesthecontributiondueto
Viscosfty.
COMPARISON
A comparisonofthelaws
equation(1)withexperiments
alloysheet,isgiveninthis
FTHllKIRYANDEXPERIMENT
generatetibytheassumedrelationof 4
performed,ononematerial,7075-T6alw.ninum-
section. — .-
.
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Thealloyisinthesolutionheattreatedaudagedcondition.
Further-exposureto elevatedtemperaturesultsinoveraging.The
materialbecomesunstableandsuffersa markedreductionin stren@h
withtimewhensubsequentlyheatedintherangefrom300°to @o F. In
addition,differentbatchesofthematerialmayvarysomewhatsmmg
themselvesinproperties.Inviewofthisvariabilityinthematerial,
theconstantsintheviscoustermwereadjustedineachcaseto givea
reasonablefittothedata. TableI showstheconstantsusedinthe
calculations.
Thetemperaturewhichseparatesthehighandthelowregionsis
about300°F forthisalloy.Testsperformedattemperaturesbelow
3~” F shouldnotbe expectedto showanyagreementwithcalculations.
Inmostcases,theresultsof suchtestshavebeenincludedto showthe
extentofthedisagreement.
SteadyCreep
Figurel(a)showssteady-creepdatafor7075-T6aluminum-alloy
sheet.Thesedataareobtainedfromreference8 (solidcurves)andfrom
preliminaryunpublishedNACAdata(points].ThedashedIfieswere
computedfromequation(3)by usingtheappropriateconstantsin
tableI. Thedashedlinesshowa goodfittothedatafromreference8
at 300°F and375°Fj thedisagreementa 211°F isplatnlyevident.
Thedashedlinescomputedfor450°F and500°F gothroughthepoints
obtainedatthehigherstressesineachcase;whereas,thelowerstresses
givesomewhatlesscreepthanwouldbeexpectedfromequation(3). This
peculiarityatlowstresseshasbeenobservedpreviouslyby Dornand
Shepard(ref.1).
Figurel(b)showsthesanedataplotted~ainsttheparsmeter
~ + loge:. Allthedatafitreasonablywellwiththecalculatedcurve
RT
(eq.(3))withtheexceptionofthepointsobtainedat 211°F.
CreepRupture
Figure2 showsthecreep-rupturedata,tskenfromreference8 and
frompreliminaryunpublishedNACAdata,plottedagainsthepsrameter
AE
— - 10~ tr, where
~ istherupturetimeatthestressUr andthe
RT
temperatureT. Datashowthata reasonablevaluefortheconstant~
iS0.00~jthestraightlinecomputedfromequation(3a),whichusesthis
valueandthevaluesgivenintableI,goesthroughthelineofpoints,
withtheexceptionasnotedbeforeoftheveryloweststressesandof
thepointsat 212°F.
——
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Stress-StrainCurves 4
Severalinvestigatorsinthepasthavepointedoutrelations
betweencreepandstress-strainddaj forexample,Hollomon(ref.3) .
suggesteda graphicalprocedureforpassingfromonetotheother.In
the,presentpaper,thepassageisaccomplishedanalyticallythroughequa-
tion(6).
Figure3 showsstress-straincurvesforthe7075-T6aluminum-alloy
sheet,asgiveninreference9, forthreetemperatures.Thestrainrate
was0.12perhr. Thetheoreticalcurvesobtainedby computationfrom
equation(6)(seetableI)fitthedatawe~ atthehighertemperatures
butovershootthe200°F curveby a considerableamount.
.—
Rapid-HeatingCurves
Figure4 showstherapid-heatingcurvesforthe7075-T6aluminum
alloy,takenfromreference9, forthreestressesandforwidelydiffer-
enttemperatureates.Thecalculatedcurvesrepresenta severetest
oftheassumedrelationgivenineqmtion(1)notonlybecausethe
cooperationf allfourtermsisrequiredineqmtion.(9)ywhichis
usedforcomputation,butalsobecausethetemperaturesreachedmaybe
considerablyhigherandthestrainratesconsiderablyargerthanthose
encounteredinothert~es oftests.Nesrtheupperendsofthecurves,
calculationsweremadeat sufficientlycloseintervalsoftemperature>
usually5°to 10°K}to establishbetterthepoints.Theshapeandthe
separationofthecurveswithheatingrateexegivenreasonablywellby
thetheoreticalcurvesexceptnear300°F, andthenthepredictedfinal
rapidincreasesinstrainoccurata somewhathighertemperaturetheu
thatactuallyobserved.Theagreementatthelowertemperatureateon
thecurvefor17.2ksiisnotasgoodastheothers.
DISCUSSION
Itwouldappearfromthetestsreportedherethatthevalidityof
therelationsuggestedinequation(1)isborneoutforthe7075-T6alumi-
numalloy.Therelationhasshownitselfcapableof accountingforthe
steadycreep,thecreep-npturedata,thestress-straincurves,andthe
rapid-heatingcurvesforthisalloy.
A mOresatisfactorytestofthevalidityoftherelationwouldbe
witha morestablematerialsuchaspurealuminum.Thealloyselected
inthispaperisnotsucha materialbutwasusedbecauseoftheexist-
enceofthedifferenttypesofdataavailable. .Theelevated-temperature
phenomenaexereasonablywellaccountedfor,however,inspiteofthis
handicap.
.
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Theconstantsinthe
activationenergyN of
viscoustermvsryto differentdegrees.The
thethreeconstantsismostnear~yconstant
andisstructurallyinsensitive,beingindependentof stress,temperature,
grainsize,andminoralloyadditions,andhasbeententativelyidenti-
fiedwiththeactivationenergyforself-diffusion(ref.1). Themagni-
tudeof AH isroughlyproportionalto themeltingpointofthemetal.
Thequantityao,ontheotherhand,isstructurallysensitive;forpure
sluminum,ithasa magnitudeofabout0.2ksi,whereasforthe7075-T6
alloyithasamsgnitudeof4.3ksi. Forstablemateri~, it is
independentof stress,temperature,andgrainsize.Thequantitys
wasfoundtobe a constanthatis independentof stressandtemperature
andissubjecto thesamedegreeofuncertaintyas thestrainrate.
Repeatedsteady-creeptestsonthesamematerialunderidentical.con-
ditionswillyieldcreeprateswithina rangeofperhaps2:1. This
uncertaintyinthecreeprateisreflectedina similaruncertaintyin
thequantitys. It is,therefore,notsui@risingto finda similar
variation~ s inthedifferentapplications.(SeetableI.)
Formaterialswhichsreunstableinthesensethattheconstants
intheviscoustermme mainlyfunctionsofthetemperature,onemight
expecteqmtion(1)tobe stillusableif suchvariationsinthe
constantssreallowedforinthecmnputations.Ifthematerialsare
unstableinthesensethattheconstantsintheviscoustermaremainly
functionsofthetime,however,thenequation(1)isprobablynotusable.
IElquation(1)isevidentlyvalidforvaluesof stressandtemperature
whicharechangingsmoothlyh onedirection,eventhoughthesechahges
maybe fairlyrapid.Forsuddenordiscontinuouschangesin stressor
temperature,transientsme knownto occurwhichwillnotbe givenby
eqpation(l). Somemodificationfthisrelation,perhapsby an addi-
tionalterm,willbe requiredto accountproperlyforsuchtransients.
Sucha modificationwouldhaveto accountfortransientcreepaswell
as forotherconditions;thenatureof’themodificationisobscur”eat the
presentime.
Certainpsmmetershaveappearedas a resultofthisrelationand
mayProveuseful~ c~~iw dataat dtiferenttemperaturesabovethe
equicohesivet mperature.Forexample,if steady-creepdataareavail-
ableat differentstressesandtemperatures,tressplottedagainsthe
parsmeter# + loge& shouldyielda straightlinewithslopeeqyal
to
the
the
ao“ Forthestress-straincurves,thepsrameterwhichdetermines
mi—
separationofthecurveswithtemperatureis 2P = ~ >T, since
maximumheightofthecurvesis tsolo% 2P. Forruptureresulting
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fromcreep,rupturestressplottedagaihst$$ - l10~ tr shouldyielda
singlestraight,linewithslopeequalto .,Uo. Iftherupturestresswere ~
plottedagainstheparameter~+logeg- loge%, thestraight
lineshouldpassthroughtheorigin. ._
.—
CONCLUDINGREMARKS
Theapplicationfthesuggestedphenomenologicalr terelation
to thedeterminationf steadycreeprates,creep-rupturetime,stress-
straincurves,andrapid-heatingcurvesfor7075-T6aluminum-alloysheet
hasshownthatsucha relationcanbe usedto covera widevarietyof
applications.Thepossibilityofpredictingthebehaviorofmaterials
underwidelydifferentloadandtemperatureconditionsisindicatedfor
temperaturesabovetheequicohesivet mperatureforthematerial.Addi-
tionalverificationfthevalidityoftherelationwouldbe desirable
as suitabledataovera sufficientlywiderangeoftestconditions
becomeavailable. .
LangleyAeronauticalLaboratory, l_
NationalAdvisoryCommitteeforAeronautics,
LangleyField,Vs.,February18,1957.
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